Objective of the article was to assess the coupling effects of zeolite (Z 0 , 0 t ha ) application on N use, leaf area index (LAI) and rice grain yield in 2014 and 2015. Results showed that both Z 0.9 and Z 0.22 at N 105 and N 157.5 application rates could greatly enhance the biomass, dry weight of root, LAI and N uptake. However, at initial tillering stage of rice, Z decreased N content in plant for its high absorption capacity and hence lowered biomass and N uptake. The highest value of N recovery efficiency (NRE) and N use efficiency (NUE) was obtained from N 105 Z 0.22 . Z input contributed to higher NRE and NUE. At N 157.5 application rate, Z 0.9 and Z 0.22 significantly increased rice grain yield by 14.6% and 15.3%, respectively. However, Z mattered little to rice grain yield at N 0 and N 52.5 . There was no significant difference in rice grain yield between Z 0.22 and Z 0.9 . Z 0.22 and Z 0.9 clearly increased the 1000-grain weight. N application significantly lowered unfilled grain percentage and 1000-grain weight.
Introduction
Rice consumed to provide 20-21% of total calories is the staple and required food of more than 50% of the world population (Fageria, 2007; Sandhu et al., 2012；Fitzgerald et al., 2009 . In China, rice is the major contributor to total food yield and its yield accounts for 40% of total domestic grain production.
With decreasing in cultivated land area in China since 1992, enhancing the rice grain yield per unit should be emphasized greatly (FAO, 2016) .
The mix of zeolite (Z) and nitrogen (N) has been investigated to enhance soil fertility and improve crop production. Ippolito and Tarkalson (2011) applied Z (0, 6.7, 13.4, 20.2, and 26.9 Mg ha -1 ) to Portneuf silt loam and Wolverine sand soils, noting that rates of 6.7 to 13.4 Mg ha -1 conserved inorganic N and resulted in higher N use. When paddy soil was exposed to the late season drought stress, application rate of 10 t Z ha -1 that could promote water retention was helpful for yield improvement and prevention of decreasing yield, but these effects were not obvious under conditions of complete irrigation (Zahedi et al., 2009 ). According to Lija et al. (2013) , low application rates of Z would cause better N use efficiency (NUE)
compared to higher application rates. Kavoosi (2007) mixed Z (8, 16, and 24 t ha -1 ) and N (60 kg ha -1 ) into paddy soil and found that rice grain yield showed a decline trend with the increase of Z application rates.
These researches indicated that under different environment conditions, performance of Z application in crop production was different. In other words, there may be interaction effects on crop production between Z and irrigation regimes or N application rates.
However, the scientific researches were rare on interaction effects between Z and N.
Roots are an integral part of plant organs and involved in acquisition of water and nutrients. The morphology of root is closely associated with the development of aboveground part of plant growth (Shen et al., 2016) . Sepaskhah and Barzegar (2010) demonstrated that Z application plus N which is comparable to the slowrelease N fertilizer greatly enhanced the N uptake by plant. The application of slow-release fertilizer could clearly improve root bleeding intensity during early to middle stage of rice growth and resulted in higher physiological function of rice root system (Tang et al., 2007) . Similar result was also found by Zhang et al. (2013) and he indicated that the slow-release fertilizer based on biochar significantly increased main root length and fresh weight of rice roots which led to enlarged root absorption area, higher root physiological activity and rice grain yield. However, there was little information on rice root with the application of Z with N.
Therefore, the objectives of this experiment were to investigate the interaction effects between Z and N application on rice grain yield, root dry weight, Leaf area index (LAI), N uptake, NUE and N recovery efficiency (NRE) to underline the significance of Z application strategies under different soil fertility grads in two growth seasons of 2014 and 2015 in northeast coastal region of China. Z was only applied in 2014 and no additional Z was applied in 2015.
Materials and Methods

Site description
The experiment was conducted from May 2014 to ) was all applied as the basal fertilizer. Plots were regularly hand-weeded and pesticides were used to prevent insect and pest damage. No noticeable crop damage was observed in the experiment. The water layer in these plots was maintained at 1-7 cm in the whole growth stages of rice. Water was distributed by pipe to each plot for irrigation. Water depth was measured on a permanently fixed depth gauge. Excessive water was drained off through flumes if there was a heavy rainfall.
Irrigation water was stopped 15 days before harvest.
Samples measurements
Crop samples for biomass, N uptake and LAI were In 2015, the sampling days were 22th June, 5th July, 6th
August, 26th August and 15th September, respectively. and grain (LNC, SNC and GNC) was determined by the semi-micro Kjeldahl method (Shi and Bao, 1996) .
Nitrogen use
N uptake was calculated using
Where, NC is the nitrogen content in plant (g kg -1 ), DW is the dry weight of plant (kg).
NRE was calculated using
Where, NRE is the nitrogen recovery efficiency, U and U 0 are the total N uptake by grain, stem and leaf in different N and Z treatments and control, respectively in kg ha -1
. FN (kg ha -1 ) is the applied N as fertilizer in different N treatments.
Where NUE is the nitrogen use efficiency, N Y and N 0 (kg ha -1 ) are the N uptake by rice grain in different treatments and control. FN expressed in kg ha -1 is the applied N as fertilizer in different N treatments.
Statistical analysis of the data
All data (two-year mean) were subjected to analysis of variance (ANOVA) using SAS9.3 software. Bartlett's test showed homogeneity of variance in all terms.
When an F-test indicated statistical significance at P<0.05, the Duncan method was used to separate the means of main effect and the interaction effect.
Results
Crop growth and dry weight of root
According to Figure There were no significant interaction effects between N and Z application on dry weight of root in Table   2 . The increase of dry weight of root affected by N was significant. There were small differences in dry weight of root between Z treatments at application rate of N 0 and N 52.5 . However, Z seemed to significantly enlarge the root at application rates of N 105 and N 157.5 . Different particle sizes of Z mattered little to dry weight of root. It indicated that a strong deep rice root system may greatly contribute to the rice aboveground biomass development. 
Nitrogen uptake and Nitrogen content in plant
Yield and yield components
There were significant interaction effects on average of rice grain yield between N and Z application rates over the two years in Table 2 . According to Table 3 , N 105 plus Z had a similar effect to N 157.5 without Z on grain yield, which greatly decreased the applied N by 33%. There was no significant interaction effect between N and Z application rates on average 1000-grain weight and unfilled grain percentage. Higher N application rates resulted in lower unfilled grain percentage. However, Z did not affect the unfilled grain percentage. Results in Table 3 showed that application of Z especially Z 0.22 significantly increased the 1000-grain weight, but the enhanced N application from 0 to 157.5 kg ha -1 resulted in a decline trend in 1000-grain weight. Table 3 . Interaction effects and main effects between Z and N application on different indices of rice Note: Mean values followed by a different letter are significant at 0.05 probability level. UGP: unfilled grain percentage.
Nitrogen use efficiency and nitrogen recovery efficiency
There was a significant interaction effect on NRE but no statistically significant interaction effect on NUE between Z and N application rates according to Table   2 over the two years. The average value of NRE was significantly higher at N 105 application rate than that at other N application rates. Based on the interaction effects analysis in Table 4 , higher NRE was observed at appropriate N application rates from N 105 to N 157.5 .
At N 105 application rate, Z 0.9 and Z 0.22 significantly increased the NRE by 29.68% and 31.35%, respectively. N application mattered little to NUE in Table 4 , but at N 105 application rate, Z 0.9 and Z 0.22 significantly increased the NUE by 21.65% and 25.12%, respectively. It indicated that Z input could lower N losses to the environment by enhanced N uptake.
Discussion
Effects of Z and N management on crop growth and leaf area index
N nutrition has a substantial impact on the predisposition of plants by affecting the growth pattern, morphology and chemical composition of plants. Khan et al. (2011) conducted greenhouse experiment and found that LAI and plant height of soybean were significantly enhanced by Z application. However, overuse of Z could produce larger canopy which created shading effect that would reduce photosynthesis and affect the biomass development. Kavoosi (2007) concluded that Z application significantly increased N uptake, nucleic acid, amides and hence cell multiplication, which increased leaf area and rice plant height.
It indicated that proper use of Z could increase nutrition uptake and enhance cell multiplication, then resulted in higher LAI and biomass. In this experiment, Z application significantly enhanced rice LAI and biomass. However, in the initial rice growth period, Z decreased biomass and LAI because of lower content of available N in soil for high absorption capacity of Z (Majid et al., 2012) . There was no significant difference in rice LAI and biomass between different particle sizes of Z. According to our research, it was recommended that N 157.5 plus Z would enhance the LAI and biomass.
Enhancement in rice grain yield
The N application plus Z which was comparable to slow-release fertilizers played an important role in rice grain yield increasing (Sepaskhah and Barzegar, 2010) . It was found that the successive release rate of N in Z exchange sites corresponded well to the N requirements of crops (Geng et al., 2015) . And, treatment of slow-release fertilizer increasing rice grain yield may mainly due to (1) larger content of available N in soil to enhance N uptake by plants; (2) strong deep root system; (3) higher grain filling rate.
Z hold available N in the soil, moderate nitrification process of ammonia and make it available to plant as needed (Khan et al., 2011) . Long slow-release time of N greatly improved the rice roots morphology and enhanced rice root physiological activity, hence increased N uptake and rice grain yield (Zhang et al., 2013) . N application with Z might also increase rice production by improving rice grain filling rate during filling stage. The slow-release fertilizer clearly increased maize average filling rate by 14.18 to 19.32 % and greatly enhanced maize yield by 3.38 to 13.36 % (Ma et al., 2009) . In the present experiment, treatment of N plus Z resulted in heavier root dry weight and larger N uptake, and hence obtained obviously higher grain yield. Z application could also increase the rice grain yield by improving 1000-grain weight in this research. Similar results were found by Sepaskhah and Barzegar (2010) and they found Z application could also enhance the rice 1000-grain weight.
Effect of Z application with N on N content in plant
The NUE is very low with an average of 27.15% in China, which led to a fact that excessive N in field negatively influenced the quality of environment through leaching and volatilization (Geng et al., 2015; Barea, 2015) . The slow-release N fertilizer used in paddy soil could significantly enhance plant N uptake and rice grain yield. Using slow-release fertilizer based on the Z costed less and was easier to apply (Sepaskhah and Barzegar, 2010) . In the present study, interaction influences between Z and N on NRE, NUE and N content in plant were observed in two years and it was found that N application could markedly improve NRE from N 105 to N 157.5 application rates. This result was in accordance with two researchers who thought NRE was observably increased with increasing N application from 90-135 kg ha -1 (Timsina et al., 2001; Pirmoradian et al., 2004b) .
The main reason of Z significantly increasing NRE and NUE at N application rate of N 105 and N 157.5 was the higher N uptake by grain. However, at application rates from N 0 to N 52.5 , Z decreased N content in plant and resulted in non-significant effect on NUE. Similar results were found in crops of Canola Forage and barley (Rehakova et al., 2004; Majid et al., 2012) . The dominant causes for the trait may be (1) N absorption by Z in exchange sites when N is available; (2) too long slow-release time of N (Majid et al., 2012) . Hao and Zhou (2003) also found that almost 40 % of NH 4 + in Z exchange sites was not desorbed based on the following reversible ion-exchange reaction:
Zeolite Na NH Na Zeolite NH + + + + − + + − � and resulted in N stress and low N content in soil (Huang et al., 2010) . In this study, the enhanced N application rates at N 105 and N 157.5 could alleviate N stress by Z for its high absorption capacity to enhance NUE and NRE. At levels of N 0 and N 52.5 , Z application significantly decreased LNC, SNC and GNC at the whole rice growth stage based on high absorption capacity. This trait could also explain that Z input did not significantly affect the rice biomass and N accumulation when N was applied at N 0 and N 50 rates.
Conclusions
The results herein indicated that both Z 0.22 and Z 0.9 at appropriate N application of N 105 and N 157.5 could greatly enhance rice biomass, dry weight of root, LAI and N uptake. However, at initial rice growth stage, Z decreased N content in plant for its high absorption capacity and hence lowered biomass and N uptake. There were no significantly differences in rice grain yield with treatment of Z application from N 0 to N 52.5 . However, at application rates of N 105 and N 157.5 , Z 0.9 and Z 0.22 significantly increased rice grain yield by 10.4%, 9.2% and 14.6%, 15.3%, respectively. N and Z application could markedly improve NRE at appropriate N application rates from N 105 to N 157.5 . N mattered little to NUE while Z application significantly enhanced NUE.
